01/2572008 17:38 0298B1278 1 



UEMURAG 



<\°~y" 09/15 




MATERIALS 
SCIENCE ft 



ELSEVIER Materials Science sod Engineering C 17 (2001) 37-43 



www.dscvicr.com /locate /m^cc 



Application of low-pressure system td sustain in vivo bone formation in 
osteoblast/porous iiydrbxyapatite composite 

Jiaii Duug * , Toshimasa Uemura Ritoko Kojima Masaaori Kikuchi Ct \ 
Junzo Tanaka TeWuya Tateishi 

" ^f/amirf Institute for Advanced Interdisciplinary Research (NAfR), Tshtotba Research CCM^ Ibaraki 3Q5-BS62. Japan 
Department of Orthopaedics, Thnngshan Hospital, Shanghai Medical University, Shanghai 200032, PR China 
c CREST J$T (Japan Science, and Technology), Japan 
JST (Japan Science and Technology), Japan 
t * National Institute for Research in Inorganic Materials (NIRlMl Namiki .?-/, Tsukuba, Tbamki 305-0044 Japan 

Biomedical EhtiwtringZjfaratory, Graduate School of Engineering, University Tokyo. 7-3-1, Bongo, tonkyoh*, Tokyo J 1 3-9656, Japan 



Abstract 



Recently, synthetic porous hydroayapatite (MA) has attracted a great ideal of attention a* a bone graft substitute in the field of tissue 
engineering, Combining ^th bone nuauw-iWcU osteoblast (BMO)> r>ott< lormation has been confirmed in vivo and in vitro. 
However, it is still necessary to obtain more bone formation within porous HA for clinical uaagc, and, thus, new methods weed to be 
developed. We hypothesized that low pressure during subculture would cause more osteoblastic cells to migrate into the pores of porous 
HA blocks, resulting In more bone tissue formation in vivo. In the present study, wc examined six experimental groups with different 
pressure* from 760 to 10 mra Hg applied to porous. HA blocks loaded by bone manow-dedvea osteoblasts. For in vivo testing, the 
2-week subcultured HA/BMO composites were implanted into subcutaneous sites of syngeneic rats. These implant* wen harvested at 2, 
4 or 8 weeks atter implantation. Then, they were prepared for biochemical analysis of alkaline phosphatase (ALP) activity, bone 
osteocalcin (OCN) content and histological analysis. ALP activity and OCN content in the 100-mrn Wg pressure group were highest 
among the different groups 4 and 8 weeks after implantation (7 ? <(J.nni> Light microscopy revealed mature bone fot*n«tion in 
HA/BMO composite at 4 weeks after implantation. In the scanning; electron microscopy (SEM) study, mineralized collagenous 
extracelhilar matrix aft well aa active osteoblasts was observed in HA/BMO composite at 2 weeks after implantation. We concluded that 
the application of lnw-prRSRiirft system to subculture of bone celtr. to por6u3 HA btoclc* j,a beneficial to increase bon* tissue funrmlton in 
vivo. ©2001 Elteviw R V A 11 AnUta iwrt^rl 



vivo. ©2001 Elsevier Science B.V. All rights reserved, 



1- Introduction 

Recently, artificial synthetic porous hydroxyapatites 
(HA) have attracted attention as a bone graft substitute in 
the field of tissue engineering because of their high bio- 
compatibility, similar porous morphology to cancellous 
bone, and good osteoinductive Ohgmbi et al. [1] showed 
that the inner surface of porous hyclruxyapatite is able to 
support osteogenic differentiation of marrow stromal stem 
cells. Yoshikawa et al. [2,3] reported that bone formation 
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in porous hydtoxyapatite with bone marrow-derived os- 
teoblasts (BMO) in vi vo and demonstrated the osteogenic 
potential of cultured bone in porous ceramics even after 1 
y£ar implantation. Inoue et al [4] examined the effects of 
Agirtg qti bone formation in poroua Kydroxyapntitc. They 

concluded that porous hydroxyapatites have a good poteih 
tial to be available a$ bone graft substitutes for clinical use 
in the near future. Some groups have developed methods 
td induce more in vivo bone formation in porous hydroxy- 
apatite with osreng^i.e factors [5,6]. However, there has 
b^en few study using physical methods. 

; In practice, osteoblasts show difficulty in invasion (or 
iiistrilmri) into ttie inner pores ofprtrono flA blocks eoak*d 

ini the ccU suspension. Usually, the ceramic blocks are 
statically incubated in the cell suspension for several hours. 
It! was different to make some kinds of porous ceramic 
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blocks to sink to the bottom of ths cultur c dish, especially 
for mum; synthetic porous hydroxyapatttes with high 
porosity. Some cells in suspension would sink to the 
bottom of the container earlier man the HA block. In the 
present study, we examined our hypothesis that low pres- 
sure would rapidly cause more osteoblasts to migrate into 
the inner poie* uf parous hydroxyapattte, resulting in more 
bone tissue formation in vivo. Here, we describe our 
method using a low-pressure system for loading cultured 
cells into porous material with increased efficiency and 
discuss the appropriate low-pressure conditions. 



2* Materials and methods 

2 J. Marrow cell preparation and culture 

2,1,1. Primary culture 

Experiments were performed in accordance with the 
guidelines of the Japanese Government for the care and 
use of laboratory animals. 

Osteoblastic primary cells were obtained from hV. bone 
shaft of the femora of male Fischer 344, 7-week-old rats, 
according to the method of Maniatopoulos et al. [6]. The 
femora were excised aseptically, cleaned of soft tissues, 
and washed three times, for 5 miu each, in 6 ml of 
staudard culture medium. Then, both epiphyses were re- 
moved, and the marrow was flushed out with 10 ml of 
culture medium expelled using a syringe with a 23^gauge 

needle. The obtained cell suspension wtt3 distributed into 
T-75 culture flasks (Falcon, Franklin, Lincoln Lakes, NJ) 
with 15 ml of standard medium and incubated at 37 *C in a 
humidified atmosphere containing 95% air and 5% C0 2 . 
The standard medium consisted of Eagle's minimal esscn^ . 
tial medium (MEM) containing 15% feral bovine serum 
(ICN Biomedical Japan) and antibiotics (100 units/ml 



penicillin, 100 p.g/ml streptomycin, and 0.25 fig/ml 
amphotericin B, Sigma). The medium was changed 24 h 
later to remove non-adherent cells. The remaining adherent 
ecu? left weie mainly marrow stromal ceils. [61 The 
medium was replaced with fresh medium every other day. 

2.2. Subcultures ofBMO cells in porous HA and fow-pres* 
sure system 

22 A. Porous HA 

The sintered porous HA blocks, whose synthetic proce- 
dure was described in. another paper (Dong et al., to be 
published), had a high porosity (77%) and were completely 
interconnected. Average* pore diameter was 500 jxm and 
interconnecting path diameter was 200 p.m. Fig. I shows 
an SEM picture of the porous HA rmcroslructure, 

2.2.2. Subculture ofBMO cells in porous HA 

When culture dishes became almost confluent nfto 10 
days, they were treated with 0.1% trypsin for 5 miu at 37 
°C. The cells were counted and concentrated to 10* 
cells/ml by centfifugation at 900 rpm foi 5 inin at room 
temperature. The porous HA ceramic blocks were then 
soaked in a cell suspension within the culture dish. Then, 
the dish was put inside the vacuum desiccator at low-pres- 
sure system as follows. 

2.2.3. Tjoyv-pressure system 

Our low-pressure system consisted of an Ulvac G-5 oil 
liitaiy vacuum pump (Sinku Kifco, Japan), luchi vacuum 
controller VC-100 (Tokyo Rikakikai Japan), and luchi 
Polycarbonate vacuum desiccator (Tokyo Rikakikai), con- 
nected to each other by rubber and silicon tubes. Fig. 2 
shows the photograph of low-pressure system. 

Wc followed the manufacturer's protocol for use uf the 
vacuum pump and vacuum controller. We took 100 mm 





Fig. L (A) SJEM photomicfoeffiph of Hie microstfuetiirc of (lie synthetic porous jhydroxyaptttitc. Ear*- 500 \xm. CB) Higher magnification of the rcctangnhr 
ftrca m A. Dtnmrrnr fn rntcpconnectinp path wai 200 p.m. Bai: — J.flQ y,m. 
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Fig, 2. Photograph of low-ptearanj system. V indicate Ulvac 0-5 Oil 
rotary vscuum pump; C irdicates Iuchi vacuum controller VC-100; D 
indicates Iuctil polycarbonate vacuum desiccator: T indicates rubber tube 
and silicon tube. 



Hg as an example, Frist, wc chose Program Mode and set 
1CHD mm Hg as the Pressure Value, with 10% Upper Limit 
and 150 mm Hg Slope Point, After setting the vacuum, 
controller, the culture dish was put into the polycarbonate 
vacuum desiccator, which was then closed. The vacuum 
pump was turned on and the vacuum controller was started 
by pushing the Start button on the front panel and finished 
by pushing the lind button. The whole application time of 
low pressure was 100 s, Experiments with other pressure 
groups were preformed similarly, 

We examined six groups (group 1 to group 6") with 
different pressures; 760 (normal atmospheric pressure), 
500, 250. 100, 50, and 10 nun Hg. 

After treatment with the low-pressure system, the cul- 
ture dish was incubated for 2 h at 37 °C at normal 
atmospheric pressure. Then, each HA/BMO composite 
was transferred to a new 24-welI plate (Falcon), Each HA 
block was avbcultured in one well with 2 ml of osteogenic 
medium. The osteogenic medium consisted of standard 
medium supplemented with 50 iig/m\ of vitamin C 
phosphate (L-ascorbic acid phosphate magnesium salt n- 
hydrate, Walco, Osaka. Japan), 10 mM Na p-glycerophos- 
phate (Merck Japan, Tokyo, Japan), and 10~ s M dexa- 
methadone (Dex, Sigma). The medium was renewed every 
other day and the subcultures were maintained for 2 weeks 
[2,3]. Then, HA/BMO composires were implanted subcu- 
taneously sites in rats as described below. 

2.5. Surgical procedure 

Syngeneic 7 wcck-old wale Fischer rat.% wen* anes- 
thetized by intramuscular injection of pentobarbital. 
(Nembutal 3.5 mg/100 g BW), following light ether in- 
halation. Six subcutaneous pouches were created in the 



back of the rot following small incisions made for ceramic 
implantation- Six HA/BMO composites from six groups 
after 2 weeks of subculture were implanted subcutaneously 
it six .sites on the back of each syngeneic rat 
i A total of 240 porous HA blocks were used in the 
present study. Twelve HA/BMO blocks, obtained from 
different rats, were used for biochemical analysis and 12 
HA/BMO blocks were used for histological analysis at 
each time point. 

tA. Biochemical analysis 

! The composites were harvested and used for biochemi- 
cal analysis at 4 and 8 weeks (12 HA/BMO blocks each) 
sifter implantation. Alkaline phosphatase (ALP) activity 
and bone osteocalcin (OCN) content of the harvested HA 
Monks wpjre determined [l\ Briefly, implants were imme- 
diately crushed with a hammer, homogenized in 0.5 ml of 
0.2% Nonidet P40 containing 1 mM MgCl 2 with 
tfnyscotron (Micro-'iech Niti-on, Funahashi City, Chiba, 
Jhpan). and centrifuged at 13,000 rpm for 1.0 min at 4 G C. 
the supernatant was assayed for ALP aet.iviiy using p~ 
nitrophenyjphosphatc as the substrate. An aliquot (2.5 pul> 
of supernatant was added to 6.5 ml of 50 mM p- 
THtrophcnylphosphate containing 1 mM MgCli and the 
riuxture was incubated for 30 min at. 37 °C. Then, 0.5 ml 
of 0.2 N NaOH was added to stop the reaction, and the 
absorption at 410 nm was measured with a spectrophotom- 
ALP activity was determined as millimolars of n- 
nitrophcnol released per implant after 30 min of incubation 
at 37 °C. 

j OCN was extracted from the sediment after extraction 
ujilng 0.2% Nonidet P40 by shaking in 5 ml of 20% formic 
afeid for 1 week at 4 °C. An aliquot (2 m?) Of the formic 
acid extract was then applied to a column of Snpharimr 
G-25 (PD-10) and cluted with 10% Formic acid. Protein 
fractions were collected, lyophilized, and prepared for the 
assay of intact rat OCN as previously described [<5]. The 
rriethod utilized two antibodies that recognized the N- and 
C r tcrminal amino acid regions of OCN. 

! All assays were perfonnecl with rabbit antiserum to rat 
OCN and purified rat OCN as a standard and tracer. We 
u*Ud a. Rat Osteocalcin EIA Kit (No/BT-40() Biomedical 
Technologies, USA) and followed the manufacturer's pro- 
tocol, 

i 

2.15. Statistical analysis 
| Average values of ALP activity aud OCN content were 

expressed as the arithmetic mean ± SE. Analysis of data 
was performed hy paired Mcst. Differences were consid- 
ered statistically significant when the P value was < 0.01 
or:0,00L 

; Half of the composites were harvested and used for 
histological ana] y si 5 by SEM at 2 and 4 weeks (J 2 
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HA/BMO blocks each) after implantation, and the other 
half were observed by light microscopy at 4 and 8 weeks 
(12 HA/BMO bluuks each) after implantation. 

A series of samples of BMO/HA composites were 
prepared for scanning electron microscopic fSBM) analy- 
ses. The composites were evenly ait at the central part of 
the HA block. Then, specimens were fixed with 2% para* 
formaldehyde/2.5% glutaraldchydc in 0.1 M Na cacody- 
late buffet (pH 7.4), post-fixed with 0.1% o$.mium tctrox- 
ide, dehydrated in a graded alcohol series, and dried in a 
critical point dryer, The composites were fixed onto scan- 
ning electron microscopy stubs with tape, sputter-coated 

with platinum /gold in an too costfer, and observed with an 
SEM (Hitachi S-4500, Japan). 



For light microscopic observation, the composites were 
fixed in 10% buffered formalin, decalcified (K-CX .<wiin- 
tion, Falmav Tokyo, Japan), embedded in histparaffin, and 
stained with hematoxylin and cosin. These specimens were 
observed under an optical microscope (Leita Dror, Ger- 
many). 



3. Results 

3, 1. Biochemical findings 

A coreuwisoi.1. yf ALP activity in subcultured HA/BMO 
composite grafts in different pressure group$ at 4 and 8 



Cotnpartam of Osteocalcin content at 4 ami 8 w«fcs porilraplantattm 




Fig. 4. Temporal change in osteocalcin content of subcultured composite gtftftjs at 4 and 8 weeks pwNimptontatiori. The data are the mean ± SB (« 
Significant differences are compared with Values of foe 760-ltim H* croup, i P < ant hy paiwcl t-tet analyuifl, * * J> < 0.001. Detail* a/* dc 3C d 
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Fig. 5. (A) 5 EM photomicrograpli of cross-sectio™ of 2-wedc composite aW Implantation. Hie pnm an*™ i, coven* by *,«nd qcIJo a, well « 
Round qbtl, winch at*™ to be active osteoblast, am be seen on the surface of J^A. Bar 5 j*m. 



week post-implantation is shown in Fig. 3. The ALP 
activity in RA/BMO composite subjected to a pressure of 
100 mm Hg was the highest among the six groups at 4 or 8 
weeks after implantation. The level of ALP activity in- 
creased unijl pressure decreased to 100 ra Hg. Then, the 
level of activity decreased again with subsequent pressure 
decreases. Both ALP activities at 4 and S weeks no$Nim- 
plantation showed similar expression, but the level of 
activity after 8 weeks were lower than that after 4 weeks. 

A comparison of bone OCN content in subcultured 
HA/BMO composite grafts at 4 and 8 weeks post-implan- 
tation is shown in Fig. 4. The bone OCN content in 
HA/BMO composite treated at a pressure of 100 mm Hg 
waft also the highest among six groups at 4 or 8 weeks 
afbeT implantation. Both OCN leval* at 4 and 8 weeks 
post-implantation showed maximum levels at 100 mm Hg. 



The level of activity increased until, pressure decreased to 
lpo m Hg. Then, the Jevel of activity decreased again with 
pressure decreases. However, the level of OCN after S 
weeks was higher than that after 4 weeks. 

2, Histological findings 

j SEM analysis of the 2-week subcultured HA/BMO 
composites treated at 100 mm Hg suggested that most of 
the pore surface was covered by round cells together with 
collagenous or ncn-collagenous extracellular matrices as 
sflown in Fig 5 

! At 4 weeks after implantation, light microscopic images 
oi decalcified section with HE staining showed mature 
1*!me areas and the number of active osteoblasts racing the 
bone increased in pores (Fig, 6). All HA/BMO compos- 
ites treated at, 100 mm Hg showed bone formaticn in the 




Pig. 6- Subcultured composite 4 weeks after impJAntatidn. Hematoxylin 
and eosin stain; white area show? the ghost of hydxoxyapatite ceramic (H) 

produced by decalcification. H imKcmnp the mors motute hr>n"? tissue In 

the porous area; C indicate* mature oatcocytc; O indicates active os- 
teoblast forming bone* V indicate* vasculature; 1 indicates interconnect- 
ing path. Original maghifioattofl X 200. 




Fi£. 7> Svfecultunx! composite 8 wooks alter implantation. Hematoxylin 
and eosin stain; the Dome was more ar>undaiit in the parous aietu Original 
magnification x400, B indicates mature bone tissue; C indicate* osteo- 
cyib; P indicates pore. 
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pore regions. Small, round cells were rarely seen in the 
pore regions, indicating a minimal inflammatory response. 
Huwcvcr, nor all of the composites in the normal pressure 
or other pressure groups showed bone formation. A pal- 
isade-like arrangement of cubnirlal active osteoblasts was 
seen in many of fie pore area*, and thus the bone forma- 
tion was active and progressive. At 8 weeks, the quantity 
of boric ^vtia greater Qiau ihal at 4 weeks (Jtng t 7). 



4. Discussion 

The bone marrow GSromaJ system is ciuicutly thought CO 
be the reservoir of bone precursor cells. In particular, the 
mesenchymal component of bone marrow cells (BUD) can 
support the seLNrepair of bone tissue because it contains a 
low but extremely active fraction of rnultipotcnt precursor 

tel. 

With the culture conditions described in the experimen- 
tal section, after 2 weeks of subculture, the BMOs readily 
differential**! into osieoblasts and the osteoblasts fabri- 
cated mineralized bone matrix on the pore surface of HA 
[2,9]. 

ALP activity reflects the osteoblastic activity, and hone 
osteocalcin content is correlated well with the amount of 
newly formed bone in die composites of HA/BMO after 
subcutaneous implantation [7J. Both ALP activity and OCN 
content are useful as biochemical markers of osteogenesis 
[10-12J. Therefore, ostcoinduction can be marked by in- 
creased ALP expression and the formation of colonies 
rompRfent in mineralization. During the induction period, 
when cell,*? organize into nodules and mineralize, the OCN 
content is significantly elevated along with the onset of 
extracellular matrix mineralization U3J. 

The present study showed that the ALP activity did not 
increase monotonously when rh^. f^ressure decreased. We 
considered it necessary for osteoblasts to grow in die 
presence of a definite oxygen concentration. An appropri- 
ate low oxygen conccnUiiLiou van stimulate osicobtast 
differentiation [14]. Increased vascular endothelial growth 
factor expression in osteoblasts can be induced by hypoxia. 
In this way, hypoxia results in. increased ALP activity [15]. 
Numerous studies have demonstrated the critical role of 
an gi.ogenesis for e.uocessfut osteogenesis during endochon- 
dral ossification and fracture repair. Hypoxia can. also 
induce insulin-like growth factors (IGF) I and IT— cyto- 
kines that were believed to play a role in increased colla- 
gen synthesis. However, oxygen concentrations that wer.e 
tOO low also injured nfttanhlasrs and decreased the ALP 
activity [16]. 

The 10-mrn Hg program, with an oxygen pressure of 

only 2 tmv Hg. would lasi: for more than 'J min. Wc 

considered pressures less than 100 mm Hg to be harmful 
for osteoblast differentiation. 

Appropriate low pressure here had two possible effects: 
removal of air within the pores of the ceramic facilitating 



the flow of cell suspension into the pores; and induction of 
some growth r>ctor(sX which had a significant role in 
osteoblast differentiation. We speculated that hypoxia may 
have been responsible for the effects seen in the present 
study, although we have no direct evidence for this. There- 
fore, further studies are required to resolve this issue. 

By light microscopy, we found runny active osteoblasts 
on the surface of newly formed bone tissue. Scanning 
electron microscopy revealed many collagenous extracellu- 
lar matrices with osteoblast? on the surface of pores. These 
findings indicated that the pressure chosen here was appro- 
priate for osteoblasts to differentiate into osteocytes, 

Bruder et al. [17] used a vacuum in tissue engineering 
research, but fhey did not clarify or analyze the pressure 
dependence of in vivo bono formation in detail. Tits? 
present study clearly demonstrated that the amount of bone 
formation in vivo is strongly correlated with applied pres- 
sure when HA blocks are soaked in cell suspension. 

In conclusion, applying an appropriate low pressure 
when HA blocks are soaked in cell .uispension i. s of benefit 
to increase bone tissue formation. 
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